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LcrV (V antigen), a known unstable 37J»kDa monomelic peptide encoded on the ca. 70- kh Lcr plasmid of 
Yersinia pestis, Yersinia pseudotuberculosis^ and Yersinia enlerocolitica, has been implicated as a regulator of the 
low-calcium response, virulence factor, and protective antigen. In this study, IcrV of Y, pestis was cloned into 
protease-deftcient Escherichia toli BL21, The resulting recombinant V antigen underwent marked degradation 
from the C terminal end during purification, yielding major peptides of 36, 35, 34, and 32 to 29 KDa. Rabbit 
gamma globulin raised against this mixture of cleavage products provided significant protection against 10 
minimum lethal doses of K pestis (P < 0.01) a ad Y. pseudotuberculosis (P < 0*02)* To both stabilize V antigen 
and facilitate it* purification, piasoud pPAV!3 was constructed so as to encode a fusion of UrV and the 
fitructoral (toe for protein A (i.e., alt but the first 67 N- terminal amino acids of V antigen plus the signal 
sequence and immunoglobulin C 'binding domains but not the cell wall-aitftociawd region of protein A). The 
resulting fusion peptide, termed PAY, could be purified to homogeneity in one step by immunoglobulin C 
arfmity chromatography and was stable thereafter. Rabbit polyclonal gamma globulin directed against PAY 
provided excellent passive immunity against 10 minimum lethal doses of K pestis (P < 0.OO5) and K pseudo* 
tuberculosa (P < 0.005) but was ineffective against K enterocolitica* Protection failed after absorption with 
excess PAY, cloned whole Y antigen, or a large (31.5-kDa) truncated derivative of the latter but was retained 
(P < 0.005) upon similar absorption with a smaller (193~kDa) truncated variant, indicating that at least one 
protective epitope resides internally between amino acids 168 and 275. 


Established virulence factors of Yersinia pestis, the causative 
agent of huhonic plague, arc e nerved on (he chromosome 
(e.g., iron transport functions and antigen 4), a ca. K)0-Jcb toxin 
or Tox plasrmd (murine exotoxin and capsular fraction 1 
antigen), a ca, 70-kb low-eaJciuro response or IjCt plasmid 
(yersinia outer membrane peptides termed Yops), and a ca. 
10-kb pesticin or Pst plasmid (plasminogen activator). The 
cnteropathogenic yersiniae (Yersinia pseudotuberculosis and 
Yersinia enterocolttku) possess only the Lcr plasmid and thus 
lack a number of determinants necessary for expression of 
severe systemic disease (4). The common Lcr plasmid mediates 
restriction of growth at 37T unless the environment contains 
mammalian extracellular levels of Ca 2 f (ca, 2.5 mM). Cells of 
Y. pestis arrested in this physiological state fail to synthesize 
stable RNA (13) or bulk vegetative protein (32, 33. 68) but 
either continue synthesis or induce expression of stress func- 
tions (e.g., GroEL-like protein) and most of the virulence 
factors noted above (Ur' ) (32). 

The Yops encoded by the Ixr plasmid are secreted peptides 
thai, in Y. pestis, can be distinguished in vitro by whether they 
are released intact into culture supernatant fluids or appear as 
small fragments after undergoing positranslational degrada- 
tion (S3, 54) mediated by the species-specific plasminogen 
activator (56). Export in vitro of degradable Yops in intact 
form by Pst plasmiddeficient enteropathogenic yersiniae is 
promoted by Lcr plasmid-cncoded functions (35, 36) involving 
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evident recognition without processing of the N-ierminal end 
of these peptides (J4, 34-37) Similarly, the stable (i.e., non 
degradable) VopM of Y. pestis is secreted from the bacterium 
with an intact N terminus (48). Degradable Yops t (5l\ 51, 59 ( 
62), H (2, 49, 59), K plus L (62), and probably 6 (22), as wet; 
as stable YopM (27, 2H> 48), are established virulence factors. 
YpkA also belongs in this Category (18). All of these dcgrad- 
able peptides possess properties consistent with roles as cylo 
toxins (18, 21, 22, 50), whereas YopM binds to thrombin and 
might thus function in concert with plasminogen activator 
during terminal disease (57) to promote hemorrhagic sequciat 
{27, 28, 48). Degradable YopD may serve to deliver cytotoxic 
Yops to target cells (22, 51), aoct stable YopN was aligned a 
role in sensing Ca 2 1 (17). 

A putative virulence factor encoded by the Ixr plasmid (45; 
is LcrV (V antigen), initially described as a major exported 
peptide of wikl-typc Y. pestis (7, 9) and Y pseudotuberculosis 
(11) and later identified in Lcr ' isolates of Y. enterocotitica ( \2 : 
44). Results of genetic analysis positioned IcrV within an 
IcrOVH-yopHD operon (1, 22, 40, 45-47) and showed that a 
nnnpolar deletion in krV promoted loss of the nutritional 
requirement for Ca 2 ' and resulted in avirulence (22, 4o). 
These findings were interpreted as evidence indicating that V 
antigen serves as a regulator of the low-calcium response (1, 
46). However, no mechanism of direct regulation has yet been 
defined for V antigen, and the possibility of a Afunctional mlc 
as a virulence factor remains plausible (46). 

Evidence for the latter is primarily immunological and 
originated with the finding that rabbit antiserum raised against 
partially purified V antigen provided passive protection to 
mice against challenge by Y. pestis (26). This observation wtis 
later refined by demonstrating that both j>ulyclonnl antisera 
raised against highly purified V antigen (41, rVi, 67) and a 
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FIG. I. Scheme of construction of recombinant plusmid pPAVU cnaxJin^ u staphylococcal protein A-V antigen fusion peptide termed PAV 
(A) and characterization of PAV (B). Sites of restriction endonuclease attack are indicated; Ap and Cm arc locations of markers for resistance 
to ampicjllin and chloramphenicol, respectively. Lac indicates the position of tucZ* which facilitate* selection of recombinant plasmids in the vector 
pBluescfipt SK * . The genes IcrC, fcrV, and krH comprise a portion of the krGVH*yopHp operon of Y, pstutiotubercubsi* 995 (39), and the term 
protein A defines the location uf the truncated protein A gene. Dark arrows in panel A represent the hybrid gene encoding PAV shown in panel 
B to consist of the signal sequence ($), IgC-bindini domains (E to ft), the detective domain C that has lost the ability to bind IgG, and truncated 
V antigen that hab lost the first (>1 amino acids of ii& N-terminal end. Molecular masses in kiiodahons are indicated fur each peptide arising after 
hydrolysis of the acid-labile Asp-Pro cleavage sites marked by arrowheads (65). 


monoclonal anti-V antigen (41, 55) also provided passive 
immunity. Protection was attributed to neutralization by the 
antiscra of an immunosuppressive activity mediated at least in 
pan by V antigen (41) that prevented infiltration of host 
inflammatory cells to necrotic foci of infection in visceral 
organs (62, 67). The mechanism of this form of immunosup- 
pression U presently unknown but probably involves inhibition 
°f cytokine synthesis (41). Studies of immunosuppression and 
immunity mediated by V antigen have been seriously impeded 
the penchant of this 37,3-kDa peptide to undergo evident 
autodegradation after the process of purification is initiated 
(6). In this report, we first show that recombinant V antigen 


expressed in protease-dcricicnt^K^rt'c/tw colt BL2L under- 
goes similar degradation. We next demonstrate that antisera 
raised against cither this mixture of fragments or a stable 
staphylococcal protein A-V antigen fusion peptide (PAV) 
(which can be purified to homogeneity in One Step by immu- 
noglobulin O (IgG) affinity chromatography) can provide sta- 
tistically significant protection against 10 minimum lethal doses 
of Y. pestis and Y. pseudotuberculosis hut not Y. enttrocotitica . 
Finally, we establish by absorption of anti-PAV with excess V 
antigen and progressively smaller truncated derivatives that 
passive immunity is mediated by at leaM one internal protec- 
tive epitope. 
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TABLE Wuf HicMlon of recombinant V antigen frmn a cell cxl^Rf Escherichia coti BUJ(pJCVEU) 


Preparation 


Cmk extract 

Hher\yl-Sephjir<wc CMB 

DEAE-celJwtosc 

Scphftcryl S*3O0SF 

Ca hydroxy lapante 

DEAE-cei lulus* (2nd scparmion) 


Vnl (ml) 


T0I<|1 pftMctfi 



200 

26 



1.6 

350 

40 

1.5 

60 

24 

0,7 

17 
8.8 

.IS 

0.25 

18 

0.1 

J.K 


Amt of V af\ii£crt 
(U/mir 


l oul V 
aniijen (U) 


Up iict* % a«,>vc 0 


28(1 
140 
170 
140 
50 
15 


56,01)0 
30.8CX) 

>6,tji)0, ■ 

3.360-> 
1.750 
270 


11 
KH 
113 
200 
200 
J 50 


I Oil 
55 
12.1 
K0 

3.1 
OS 


Sivkifx; iwiivijy is in unit* per milium of protein. 1 V . 


MATERIALS AND METHODS 
Bacterid ti mil K-12 XLl-Blue {m^/ endAl gyrA% tht-I 
hsdRI7supE44 nMl tac[F pra,i8 lacPZbMIS TnJO (Tet r )]} 
(Slraiagcnc, La Jolla, Calif.) was used as a host for genetic 
engineering manipulations, and protease-deficiem £. coli BUI 
(F ompTlon t u " m H ) (Novagcn, Madison, Wis.) was utilized 
for expression of IcrGVH-ynpBD under control of the tac 
promoter and production of PAV and truncated protein A 
colt BL21(DE3) was used for biosynthesis of cloned gene 
products under control of Ihe T7 promoter (20). The latter 
strain is lysogenic for DE3 which carries the T7 RNA poly- 
merase gene under control of tacUV5 (63), 

Passively immunized mice were challenged with wild-type 
cells of Y. pseudotuberculosis PH1/+ (11) or Y ent«r <KV Iitica 
WA of the highly virulent 0:8 serotype (12). This purpose was 
accomplished with Y. pesm KIM by use of a ftonpigmcntcd 
mutant (2.1, 64) known to lack a spontaneously delet&Me ca, 
HJO-kb chromosomal fragment encoding functions of iron 
transport and storage (16, 31); this isolate retained all other 
known chromosomally encoded virulence functions plus the 
J ox, Lcr, and Pst plasmids (15, 61). Mutant* of this phenotype 
arc virulent by intravenous injection (50% lethal dose, ca 10 
bacteria |66]) but not by peripheral mutes of infection (50% 
lethal dose, >10 7 bacteria [5, 24]). 

Plasmids, The vector pKK223-3 containing the tac promoter 
(Pharmacia, Uppsala. Sweden) was used to express a portion 
of the UrGVH-yop&D operon of X pestis 358 (25) as described 
below. The vector pRITS (Pharmacia) encoding staphylococcal 
protein A was used for construction of gene fusions, as was the 
recombinant plasmid pBVPS containing the krGVllyopBD 
operon of Y pseudotuberculosis (3V). The latter was also used 
in preparation of deleiion derivatives of krV yielding truncated 
derivatives of V antigen. The vector plasmid pBiuescript SK h 
(Stratagenc) was introduced into £. coh BL2I(DE3) for use in 
absorption of antiserum. 

DNA methods. Methods for preparation of plasmid ]>NA 
and its digestion with restriction enzymes, ligation, sequencing 
and I transformaiion into £. coti have been described previously 
(52). The 3.5-kb HindlU fragment of the Lcr plasmid of Y, 
pestis 358 was introduced into the expression vector pKK22V3 
The resulting recombinant plasmid pKVE14 was then selected 
to ensure that the direction of transcription of the krQVtl 
sequence corresponded to ;he action of the tuc promoter 

The schema used to construe! pPAVB containing a hybrid 
gene encoding a portion of protein A of Staphylococcus aureus 
and V antigen of V. pseudotuberculosis is shown in Fig. 1 A. The 
l.vkb EcoRV fragment of recombinant plasimid pBVPS (19) 
was introduced into the vector pRM5 encoding truncated 
protein A. I he latter, cither aione or fused with V 


. . . . . - - - — .w-w« ~.» M t antigen. 

mainlined its signal sequence ant! most ^-binding domains 
but lost the region mediating association with the bacterial cell 


surface (42, 43) (Fig. IB). As a consequence of this fusion krV 
lost 201 bp, causing deletion of the first 67 amino 
comprising the N-tcrminal portion of V antigen, The resulting 
PAV thus contained 305 N-tcrminal amino acids from protein 
A and 259 C-tcrminai amino acids from V antigen (Fig. IB) 
Deletion variants of fr/*' were constructed by reducing the 
sue of the 35-kb ///ncJIII fragment of pBVP5 to 2.2 kb by 
cleavage of the Wed site downstream offer//, Prepared by this 
process, recombinant plasmid pBV5l3D contained the whole 
UrGVH sequence under control of the T7 promoter (Fig. 2) 
Additional deletion variants were then prepared by digesting 
pBVP513D with exonuclease III followed by treatment with 
mung bean nuclease (52). The resulting set of plasmid* re- 
tamed the T7 promoter but lost progressively larger portions of 
the 3' end of krV (which thus encoded a family of truncated V 
antigens that had lost correspondingly larger portions of the 
C-tcrminaJ end). Termini of each deletion variant were estab- 
lished by nucleotide sequencing and are shown in relationship 
to pPAVU and pBVPS with predicted molecular weights of 
the resulting truncated derivatives of V antigen (Fig 2} 
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KIG, 2. Deleiinnal variants constructed from nBVH5 cniisiscini; ui 
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eJu^ v <A) SilviT^uincd extended SDS-12.5% PAGE gel of whole 
of £ cuA BUI containing the vector plasmid pft22j-3 (lane 1) or 
^mb»n int plaifmid pKVBu (Uoc 2) ^ o)c cdU of ^ ^ ^ 

El , "A 1 "*** 10 P^Pwe a ceil extract (tane 3) that wax 
52?? f. ^^"O^aphy on phenyl -Sepharose CL-4B (lane 4\ 

«o^**patite (lane 7), ind seoond-pattage PEAE-ccilutoc (lane 6)* V 
™$en H PP e»n u a major peptide of 37 kDa in Janes 2 through 8. The 
^wwiplM were lmmunob lotted against rabbit polyclonal ami- 
JT; v aflU 8 c n (B), moose monoclonal anti-V amigen I5A4.8 (C) 

PAtp? flD ?°'?i. 4n,J ; V 1 an ^ Q 3A4 ' 1 <°>> rahWt Phonal ml 
l ji rrt\ wV polyclonal ami-truncated ttaphylococcal protein 

Number* on the left and right indicate molecular masses in 


^^mation of translation of these truncated derivatives of V 
^7 in 1116 * cc ! 0r P° rtion of ,hc established se- 
ffS/iSS'^a? 1 SK < s "»*ene> bp 726 (frame 1) 
vISv 3 ?: tf™ 5D ' PBVH58D ( thiU increasing V, 
t&m+*?f ^ amino acid$; tc "nination occurs Kt bp 776 
jgj* 3) for pBVP5l4D, thereby increasing V 3 by 25 amino 

- *iriricatioD of recombinant V untigen. Cells of f. coli 
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•-■ " ••"——.wis/i- ^^i'ojw wiuj jwiytionaj ami-native v anti* 
gen (A) oi mouse monticlon&J anti-V antigen 17A5.1 (B) directed 
against truncated protein A (lane* 1). PAV (lanes 2), PAV partially 
hydroiy2*d fry formic acid (tane* 3), PAV partially hydrulyzed by 
formic acid and ihen paiied through the IgG-Sepharosc 6HF column 
(lane* 4) whole (V^surved Lcr ' ceils of Y ptstis KJM (Uncs 5) and 
whole Ca '-starved Lcr * cells of Y pesus KJM (lanes A-V a , V 0) V, 
and A indicate the positions of PAV, native V antigen (V7 3 kbaV 
truncated V antigen (29.5 kDa). and truncated protein A, respectively' 
Human gamma globulin was used tc block nonspecific reactions of 
monoclonal antibodies against IgO-binding domains of protein A (20), 
Numbers on the right indicate molecular masse* in kilodaltonv. 


BUl(pKVhU) were grown in fermcntors as described previ- 
ously (6) in medium consisting of 3% Sheffield NZ Amine, 
Type A (Kraft, Inc., Memphis, Tcnn ), 0.5% NaCl, 1% lactose' 
and ampicillin (100 u.&/ml) at 3T*C and harvested by centring 
gation (i 0,000 x g for 15 min) upon achieving an optical 
density at 620 nm of about 1.2, After disruption in a French 
pressure cell (SLM Instruments, Inc., Urbana, HI.) and re- 
moval of insoluble matter by ccntrifugation (10,000 x g for 30 
min), V antigen was subjected to purification by an established 
procedure involving use of hydrophobic interaction chroma- 
tography with phenyl-Scpharose CL-4B (Pharmacia), ion-ex. 
change chromatography with DEAE-ccllulose (Whatman Inc. 
Chfion> N.J.), gel filtration with Sephacryl S-300F (Pharmacia)! 
and calcium nydroxylapattle chromatography on Bio-Gel HTP 
(Bio-Rad, Richmond, Calif,) (6). The original process was 
supplemented by a second chromatographic separation on 
DEAE-ccllulose (linear gradient from 0 to 0.35 M NaCI) in 
order to remove high-molecular-wcight material unique lo £ 

PrepAratioo oi truncated protein A and PAV. Cells of E. coli 
carrying pPAV13 or pRJTS were grown to late tog phase at 
37°C in Luria hroth containing ampicillin (50 ng/ml). Purifica- 
tion of these recombinant proteins was accomplished by afiin- 
lty chromatography on IgO-Sepharusc 6FF (Pharmacia) ac- 
cording to directions supplied by the manufacturer Briefly, 
this process involved harvesting the organisms by centrifuga- 
tion (10,000 x # for !5 min) with rcsuspension at a ca. 10-fold 
increase in number in 0.01 M Tris-HCI, pH 8.0 (column 
buffer). Lysis was accomplished by initial addition of lysozyme 
(5 mg/ml) and then, after incubation for 1 h, further addition 
of Triton X-100 (0,1%), whereupon incubation was continued 
for 3 to 4 h. After clarification by centrifugation (10,000 X g for 
30 min), samples of 400 ml of the resulting soluble proteins 
were passed through a column (10 by 100 mm) containing a 
10-ml packed volume of affinity resin that selectively bound 
truncated protein A or PAV. After addition and elution of 30 
void volumes of column buffer to remove contaminating 
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FIG. 5. Immunobldts prepared with absorbed rabbit polyclonal 
**nti-natrve V antigen purified from K />rvm KIM (A), anti-reaimhi* 
nam V amigen (6), antl-PAV (C). and anii-iruneated protein A (D) 
directed against Cir * 'Starved whole cells <)i Ur V /wis KJM (limes 
1 ), Lcr 1 Y, ptstis KJM (lanes 2), Ur ' Y. fKwdotuktn tilom PBl (lanes 
M> Ur ' Y. pseudotuberculosis PHI (lanes 4), Ur V. entwaliiM WA 
(Unes 5). and Lcr* K emeroioUiica Wa (lanes ft). Numbers down the 
middle indicate molecular m«web in kilodatton*. 


matter> ihc recombinant proteins were clutcd with 1) 2 M acetic 
acid (ca. pi I immediately frozen, and lyophilizcd. The 
resulting purified truncated protein A and PAV were then 
used directly for qualitative -tinilysis ;md immunization. 

Acid nvdro(y$i$ of PAV. Purified PA V was treated with 10% 
I'nrrnic acid for 20 h at 3(J*C to cleave the four labile Asp-Pro 
peptide bonds within the truncated protein A domain (65) and 
the additional site located at the junction with V antigen (42) 
(Fig. IB). After dialysis against column buffer, the partial 
hydrolysatc wa* again passed through the !^( i-Seph;<ro.sc 6FF 
column as described above. In ibis Case, the V antigen moiety 
plus fragments of the protein A domain kicking IgG-binding 
sites were immediately elutcd whereas residuanjiihydrolyzed 
PAV remained bound to the affinity resin. 

Preparation of truncated derivatives of V antigen. Cells u| 
£. call HI.2l(UE3) transformed with pB\'P5 und its deleted 
variants as well as the negative control pliluescript SK' were 
grown in fermcntors, harvested, and disrupted as described 
previously. After removal of insoluble material hy centrifuge- 
linn (1 0,000 * £ for M) min). the resulting concentrxied cell 
extract was subjected to molecular sieving o» a column (3 em 
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NO. ft. Intnmnnhlors prepared with absorbed rabbit poJylunai 
anti-native V untigen (A), mouse mi>nric|nr\;*| anteV 'antigen !oA4.j| 
(U), Hint mouse monoclonal ami-V antigen 17A5.1 (C) ugainst i:\tritcij 
of a>li I3L2!(Dl:3)/pBhicscripl SK 1 (lanes 1). / ; .. rati H\2l\ DEH 
pliVPMSD (lanes 2) t rV, ivli BL2l(DC.M/p&VHflMl) (hmeS 3). <oi/ 
bL2l{DK3);pBVr*53D (June* 4), /?. mtj BU KD&WpBVr'SJ \o 
(lanes 3). £. «,* BL2l(f>C:))/pMVP5 (Imics 6), Ur 1 Y. pew, KIM 
(IfllVCS 7), unJ Lcr V. /w//.v KIM (lanes H). Numbers on tlx ria-hi 
indicate molecular masttcs in kiluduhom. 


by 1.5 m) of Scphailcx G10G (Pharmacia) in 0,05 M CMES 
(2-(A'-cydohcxyiamim0-e(h;inesulfonic acid) butter, pH 0.0, 
Samples containing V antigen or its truncated derivatives were 
identified by silver staining or immunonlolting, pooled, dia* 
lyzed against 0.05 M Tris-H( .1, p| i 8.0, and applied to a column 
(2.5 by 46 cm) of DEAE-ccllulose equilibrated in the same 
buffer. All forms of V antigen became absorbed Uurini: this 
process, and, after passage of 2 void volumes of column buffer, 
they were eluted by batchwisc application of the buffet con- 
taining 0.5 M NaCl. After dialysis* these concentrated samples 
were used directly to absorb IgCi isolated from a known 
protective antiserum raised gainst PAV (described below) in 
order to determine the location of protective epitopes. 

Preparation of antisera. Rabbit polyclonal antiserum i.iised 
against V antigen purified from V. /wis KIM, termed anti- 
native V antigen, has been characterized previously (41 ) and 
was used as a positive immunological control. 'This untiscrum 
plus the two rabbit polyclonal antisera directed against highly 
purified- truncated protein A or PAV were obtained by use of 
Frcund's adjuvant us described previously (rift). Uss ioxic 
TiteirMax (Hunter's TiterMax no. R*l; C'YtRx Corp., Norctoss, 
Ga.) was used to immuni2e rahhits against V antigen prepared 
from colt Bl.2l(pKVEM); this antiserum was termed anti- 
recombinani V antigen. Neither the latter nor antisera raised 
against the fusion proteins were absorbed with material (torn 
Lcr bacteria, although highly purified gamma globulin was 
isolated from these reagents by the procedure used previously 
(66). 

Methods used for the preparation of montKlonal antibodies 
recognising nonconformationul epitopes of V aiUigrn have 
been described previously (3). As illustrated below, the first 
group of these antibodies reacted with an epitope present on 
tile last 50 amino acids comprising the C-tcrminal part of V 
antigen (amino acids 27rS to 326). as judged by ability to 
rccogni/c V ti (whole V antigen) but not V t or V_, (monoclonal 
antibodies 3A4.1. I7A5.J, and I7A4.6). In contrast, monoclo- 
nal antibody 15A4.K reacted with V 0 ;ind V, but not V\, 
indicating affinity tor a shared internal epitopt: (dinim) itetds 
168 to 275). 

Selective absorption of atiti-HAV. Highly purified Igd pre- 
pared from anti-PAV was treiitcd with excess PAV, \\. t or its 
truncated derivative V ; or V, according to an estublisl'cd 
protocol (ftri), 'l'his process involved gentle aeration ol the 
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sol ul ion of igG with an excess of a given antigen tor 3U min at 
3""C and then oversight incubation at 4' C. Precipitated mate- 
rial was removed by centrifugation (H),000 x A' for 30 ruin), and 
then the same process of absorption wa* repeated twice. 
Remaining free IgG and putative small IgO-V antigen com- 
plexes were then precipitated by 50% saturated (NH^SO,, 
dialyzcd against 0.05 M Tris-HCI, pH 7.rt, and purified on a 
column (1.5 by 30 em) of DEAh-cellulosc by elmion wiih ihc 
same buffer according lo the method initially used for isolation 
m IgG. All forms of free V antigen or any IgGV antigen 
complexes remaining alter absorption were removed by this 
process, As a consequence, a set of highly specific anthem that 
piogresstvely lost the ability to recognize the epitopes shared 
h\ truncated derivatives of V antigen were prepared. 

ImmunoWotting, Alkaline phosphatase conjugated with 
anti-rabbit or anti-mouse IgC (Sigma Chemical Co., St. Louis. 
Mo.) was usually used as n secondary antibody during imm»- 
n^blotting by procedures described previously (53, 54). These 
pmiocois were designed, in analysis of punticd fractions, to 
maintain constant total activity of native V antigen (ea, 0.1 U 
per lane) and, in all other determinations, to maintain constant 
protein levels (7 to l0>igper lane for cell lysatesand 0.5 ^g per 
lane for pure proteins). To prevent nonspecific reactions of 
monoclonal antibodies with truncaicd protein A and its deriv- 
atives, the nitrocellulose filter was first blocked with 5% fetal 
* alt'- serum as usual and then incubated overnight *ith Vft> 
lormal human gamma globulin (Calniochem, San Diego, 
( alif ): the latter (0.5%) was also added to solutions of primary 
tnd secondary antibodies (2^). Fc-speeiftc anti-mouse IgO 
; A- 141 X; Sigma) was used as a secondary antibody during 
immunoblotting of fusion proteins and their derivatives with 
monoclonal antibodies. 

Passive immunity. Tlur ability of the amtsera and prepare 
■ions of purified IgG described above to provide passive 
immunity in Swiss Webster mice was determined by defined 
methods (41. 66). This procedure involved intravenous injec- 
tion of 10 minimum lethal doses of V pestis { M) 2 bacteria), K 
VseutloiuUrvulosh ( I0 : bacteria), or V. cuivrocditk a { Ul bac- 
teria) followed by intravenous administration nt either 100 or 
.SIM.) ji.g of purified IgG on postinfection days 1. 3. and 5. 


Miscellaneous. J'cptidcs were located in sodium dodceyl 
suli'ate-polyacrylamidc gel electrophoresis (SDS-PAOI-) yets, 
prepared as pieviously described (53, ^4), by silver staining 
(38). Soluble protein was determined by the method of U>wry 
et at. (30). The statistical significance of the observed ability to 
provide passive immunity was determined by use of Fisher's 
exact probability test, 

RESULTS 

Degradation of recombinant V antigen. Recombinant plas- 
mid pKVE 14 containing the IcrGVli-yvpHO operon of V, ptstis 
under control of the tm promoter was transferred into pro- 
teasc-defieicnt £. coli HI .21. After growth in fcrmentors, the 
bacteria were disrupted and the resulting exuaei was useil to 
prepare nearly homogeneous reenmhinant V antigen (Table I ) 
by a method established for C.V' " -starved celts of Y. pestis (A). 
An additional stop involving a second separation with DLAFv- 
cellulose was necessary t*> eliminate major higher -molecular* 
weight proteins present in cyioplastn of E. colt BL21. 

The initial specific activity of recombinant V antigen was 
almost fivefold greater than that obtained from K pesm starved 
of Ca ? ' (fi). Ncvcnhek^S, significant loss of precipitin activity 
occurred during every step of puriheation (Table 1). This 
phenomenon, as judged by inspection of a silver-stained kmc 
gel (Fig, 3A)> reflected gradual loss of the native ?7*kDn form 
of V antigen with emergence of ea. 3fV and 32-U>a and 
possibly smaller degradation forms. Analysis by immunoblot- 
ting was undertaken to prove that these new peptides shared 
epitopes with and thus arose from native V antigen. Use- of 
rahhit polyclonal anti-native V antigen (F'ig. 3li) or mouse 
monoclonal antibody l5A4.fi, directed against a centrally lo- 
cated epitope (Fi^. 3C), demonstrated emergence of new ca. 
.Vi-, 3V. and 34-tD.i products early during the course of 
purification, with later appearance of a series of smaller- 
fragments ranging from 32 to 2 ( ; kDa. The latter were not 
recognized by mouse monoclonal antibody 3A4. i directed 
against an epitope located near the (Merminal end of native V 
antigen (Hg. 3l5). TIk'Sl* findings indicate that icLoinbiuaiu V 
antigen produced in the cytoplasmic background of L. cnli 
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FIG. 7. Jmmunoblots prepared with rthhit polyclonal anti-PAV 
without absorption (X) and after exhaustive abiorpiion with prepara- 
tions of £. coli BL21(DE3) transformed with pBlueicript $K\ 
pVBP514D, pBVP53D, or pBVPS containing shared proteins alone 
(B), shared protein* plus excess V 2 (C), Shared proteins plus excels V t 
(D), or shared proteins plus excess V ( , (E), respectively. F-xtract* of £, 
coU bL21(DE3)/pBVPS containing V y (lanes 1), t. coli BL2i(DE3)/ 
pBVP53D containing V, (tancs 2), £. coli 8L2t(DE3)/pBVP$14D 
containing V 2 (lanes 3J ( and £. coli BL21(DE3)/pBluew:ripl SK r 
(vector plasmid control) (lanes 4) are shown, Numbers on the right 
indicate molecular masses in fciiodaltons, 


BL21 undergoes evident spontaneous hydrolysis in a manner 
similar to that observed for native V antigen expressed in Y 
perns (6) and that this process of degradation is initialed at the 
C-icrminal end of the peptide. 

Characterization of truncated protein A and 1'AV. Addi- 
tional constructions encoding a portion of the Structural gene 
for staphylococcal protein A alone or this gene fused with krV 
(Fig. 1 A) were found, after transformation into£. coli BL21, to 
promote significant synthesis of truncated protein A and PAV, 
respectively, as judged by the intensity and specificity of 
reactions observed in the immunoblots described below. These 
two peptides were purified to homogeneity in one step by 
affinity chromatography and then analyzed by immunohlotiing. 
Polyclonal anti*native V antigen reacted nonspccifically with 
truncated protein A (Fig. 4A, lane 1) and both specifically and 
nonspccifically with PAV (Fig, 4A, lane 2). Proof that poly- 
clonal ami-V antigca specifically recogni2cd PAV and its 
derivatives (shown in lanes 2, 3, and 4 of Fig, 4A) was obtained 
by blocking the protein A domain with human gamma globulin 
and then immunoblotting with a monoclonal ami-V antigen. 
This process prevented visualization of truncated protein A 
(Fig. 4B, lane I). Accordingly, all of the remaining bands 
visible in Fig. 4B reflect the occurrence of a specific interaction 
with an epitope of V antigen. Multiple bands appearing in 
samples of both truncated protein A (Fig. 4A, lane 1) and PAV 
(Fig. 4A, lane 2) represent accumulation of native and de- 
graded forms of the protein A domain (Fig. IB) within the 
periplasm of E. coli BL21 (19). To prove that the linked V 
antigen domain was stable, a sample of PAV was hydrolyzed 
with 70% formic acid to cleave acid-labiie Asp-Pro linkers (Fig. 
IB), neutralized, and then applied to the affinity column. 
Eisantialh/ pure truncated V antigen (V t) ) emerged immedi- 
ately (Fig. 4B, lane 4). The absence of multiple bands in this 
sample indicates that the V antigen domain within PAV (Fig. 
IB) did not undergo degradation during purification as was 
described above to occur with free V antigen. 

The number of totaJ units of PAV purified by affinity 
chromatography was always identical to that present in the 
crude extract applied to the column. No significant loss of 
purified PAV occurred during storage in 0.0 1 M Tris-HCI (pH 
7.8) for 1 week at 4°C. 

Characterization of antifter* raised against recombinant V 
antigens. Preparation* of homogeneous gamma globulin were 
isolated from unabsorbed rabbit antiscra raised against puri- 


Inpect. I mm ok. 

ficd recombinant V antigen, PAV, and .truncated protein A. 
The specific reaction obtained by imrniihdblotting Lcr* and 
Lcr yersiniac containing the native 37-ki)a V antigen of V. 
pestis and Y pseudotuberculosis and .the 42*kDa V antigen of Y 
enterocclitica (40) with control absorbed anti-native V antigen 
(Fig. 5A) was duplicated with anti-recombinarit V antigen (Fig, 
5B) and anii-PAV (Fig. 5C) but, not with anti-;truncated 
protein A (Fig. SD). However, normal ^scrum (data'not illus- 
tratcd), as well as the three unabsorbed ; >htisera, also reco^ 
nixed unknown high-molecular-mass antigen* (ca. 70 kDa) 
shared by Lcr* and Lcr" organisms. Anti-PAV (fig. 3E) but 
not anti-truncated protein A (Fig. 3F) reacted with the sam: 
degradation products of recombinant V antigen that weri 
identified upon assay with anti-native V antigeti (Fig. 3B) and 
monoclonal antibody 15A4.8 (Fig. 3C). 

Passive immunity mediated by unti-rccombinant V antigens. 
As anticipated from prior work (66), control anti-native V 
antigen provided significant passive immunity against intrave- 
nous challenge with 10 minimum lethal doses of Lcr* cells of 
y pestis (P < 0.005) and V. pseudotuberculosis (P < 0.05) hut 
not V. entmKOliticu (Table 2). Ami-recnm bin aril V antigen 
provided similar protection against challenge with Y pMis (P 
< 0.01) and V. pseudotuberculosis (P < 0.02), as did anti-PAV 
(P < 0.0 1 for V pestis and P < 0.005 for Y. pseudoiubtrzulosis), 
whereas treatment with anti-truncated protein A was without 
effect. 

Truncated V antigens. A scries of recombinant plasmid* 
containing deletion* of increasing siae in krV of Y. pstudotu 
btrculosis was constructed; predicted molecular weights of the 
resulting entire V antigen (V 0 ) and its truncated derivatives 
(V, to V 4 ) are given in Fig/ 2. The expression and actual sues 
of these peptides were determined by immunoblotting. V 0 and 
V, exhibited strong reactions against anti-native V antigen, 
which barely detected V 2 (Fig. 6A); no interaction with V, or 
V^ was observed (data not illustrated). Monoclonal antibody 
J5A4.8 failed to react with V 2 but recognized both V (I and V, 
(Fig, 6B)> indicating that its target epitope resides internally 
within the primary structure shared between the C-terminal 
ends of V 2 and V, (amino acids 168 to 275). In contrast, 
monoclonal antibody 17A5.1 recognized onty V 0 (Fig. 6C), 
demonstrating that its target epitope resides within the amino 
acid sequence located between the C-terminai ends of V x and 
V i? (amino acids 276 to 326). Identical results were obtained 
with mouse monoclonal antibodies 3 A4.1 and 17A4.6 (data not 
illustrated). These results demonstrate that V 0 and V, were 
produced in abundance. Significant levels of less antigenic V ; 
(as opposed to V 3 and V<) were also expressed, aft judged by 
the ability of this peptide to selectively remove specific anti- 
bodies from anti-PAV (described below). These results suggest 
that polyclonal antisera directed against V antigen primarily 
recognize epitopes located near the C-termina! rather than the 
N-terminal end of the peptide. 

Selective absorption of anti-PAV. Cells of £. coli BL21 
(DE3) carrying plasmids pBVP5l3D t pBVP53D, and pBVP 
S14D encoding V 0 , V,, and V^, respectively, were induced in 
ferrnentors, and, after disruption, the resulting cytoplasmic 
extracts were subjected to a process involving separation b> 
size and net charge that resulted in isolation of sufficient 
concentrations of the three peptides to permit selective ab- 
sorption of anti-l'AV. As shown in Fig. 7A ( unabsorbed 
anti-PAV recognized V 0 , V,, and'V 2 , as well as the high- 
molecular-weight antigens noted previously (Fig. 3E and Fand 
5C and D). Antibodies to the tattc: could be removed hy 
absorption with excess product obtained by parallel purifica- 
tion from extracts of control cellh of E. coli BI.21(DK3) 
containing the vector pBluescript SK' alone (Fig. 7B). Similar 
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ab*.orptinn with execs* products prepared from isolates of K. 
a>h BL21(DE3) carrying pBVPSMD, pHVP53D, and pBVPS 
pfo>»rcs^tv<;ly removed an(ir>odies directed specifically against 
V, \ \%. 7C), V, ("Fig. 7D), and V n (Fig. 7E). respectively. 

Passive immunity mediatttd by nnti*PAV absorbed with 
excess truncated V antigens. IgG purified from anti-PAV, 
absorbed as described ahtwe with excess V f1 ur iis truncal ett 
dciivalives, was used lo assay for ability lo provide passive 
immuniiy against 11) minimal lethal closes of ixr* cells of V, 
ptMts or Y, pseudotuberculosis. In this dc term in at ion (Table 3), 
lethality io untreated mice was absolute and occurred rapidly 
in ,i pattern similar to those observed for control* treated with 
puiified normal IgG or IgG isolated from ami-truncated 
protein A. In contrail, all mice survived following administra- 
tion of IgG from umibsorbcd anii-PAV (I* < 0.(105) or that 
frtMTi unti-PAV absorbed with excess preparation of vector {P 
< O.0(l5) or V : [P < 0.(H)5). Similar absorption of IgG from 
an;i-PAV with excess V 1( V 0 , or PAV itself rendered the 
amiserum ineffective. This finding provides formal proof that 
V .mtigen per se is a protective antigen and indicates that at 
lc;ist one epitope responsible for immunity resides internally 
within the primaty structure spanning the C-ierminal end 
points of V_> and V, (amino acids \b# to 27,5). 

DISCUSSION 

iixperimcnul evidence supp<>rting the assumption thai 
anti'V antigen provides immunity against plague was initially 
limited to the findings that active immun^-ation with V anti- 
gciwich fractions (10) or passive immunization with antisera 
raised bgainsi such fractions (26) promoted protection against 
operimentai disease. Later concerns that additional Lcr'- 
sjK*cific antigens may have contributed to this immune state 
were minimized upon use of modern preparative methods that 
permitted recovery of nearly homogeneous V antigen (n). 
Nevertheless, antisera raised against lots of V antigen pun lied 
b> use of these procedures often contained antibodies directed 
a-ainst highly antigenic contaminating proteins, especially 
\ >ps, present at trace levels in the final product used r'or 
immunization. Although these antinomies could easiiy be re- 
moved by absorption with outer membrane* of lxr * yersinias 
this process necessitated introduction of potential immuno- 
iiH>dulait»rs, including lipopolysaceharidc, known to possess 
ilit* rapuhiliiy of siimulaiing nonspecific resistance to infection. 
( >ccurroncc of this possibility was minimized by discovery of a 
i inactive monoclonal antibody (41, 55) and by purifying the 


gamma globulin from ahsorhed polyclonal antisera prior to 
injection (41, 66). 

Remaining concerns that thc^c precautions were insufficient 
to ensure monospeeifieity of polyclonal antisera were largely 
eliminated in the present study by use of gamma globulin 
raised against highly purified V antigen cloned in toll. 
Nevertheless, the occurrence of continuous degradation 
throughout the course of purification permitting only a fraction 
of the final product to exist as native V antigen also rendered 
this process unsatisfactory. The resulting low yield was insuf- 
ficient lo allow widespread immunisation, although gamma 
globulin puritiod from antiserum raised against the linal mix- 
ture of immunogenic peptides provided satisfactory immunity 
against Y. pesris and Y, p t setidtJitibet< :n fonts. The observation that 
cloned V antigen expressed in the protease -deficient back- 
ground of E- ioli Ul-21, like native V anligen purified from V. 
pesris. underwent marked degradation during preparation is 
consistent with either the occurrence of funoeatalyiic hydroly- 
sis or conversion to a stcric form afier partial purification, 
resulting in vulnerability to the inherent stresses of physical 
isolation (or to distinct contaminating proteases). 

These problems concerning specificity and degradation were 
resolved upon development of the stable fusion protein PAV 
that could be isolated in one step at high yield in a homoge- 
neous state, Rabbit polyclonal anli*PAV\ like anti-native or 
ami- recombinant V antigen, was effective in providing passive 
immunity agaiusi V, pistil and Y pseudotuberculosis. This 
finding emphasises that expression of protection did not 
require the presence of antibody against 1-erCi (linked up< 
stream) or N-tcrminal epitopes of V antigen, because these 
sequences were absent in PAV used for immunization. The 
decision to sacrifice the N-ierminal rather titan the C-tenntnai 
end of V antigen to construct a fusion with protein A was based 
in part on the assumption that this region, like the N termini of 
Yops noted above, is involved in an exit reaction rather than 
catalysis of some biological activity directed against the host. 
Absorption of anti-PAV with excess truncated derivaiives of V 
antigen lacking lxrM (linked downstream) provided further 
information :»t>oiit the location of protective epitopes. In these 
experiments, sufficient PAV, V„. V». Vj, or a parallel prepa- 
ration from cells carrying the plasmid vector alone was added 
to anti -PAV to selectively remove all corresponding antibodies 
detectable by immimoblotting. Assay of the resulting antisera 
showed that absorption with excess PAV, V 0l or V ( but not V : 
or the vector control removed all protective antibodies. This 
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observation suggests that at least one protective epitope is 
located between the C -terminal points of V, and V, (amino 
acids 168 to 275). Demonstration that a monospecific anti- 
serum lose* its ability to provide passive immunity upon 
absorption with an excess of its opposing antigen provides 
formal proof that that antigen is protective, This criterion was 
met for V antigen in this study. 

As already noted, considerable evidence that V antigen is 
exported into th£ external environment without transient 
accumulation at the bacterial surface has accrued (8, 26, 58, 
60), This phenomenon argues against the possibility that 
anti-V antigen functions as an opsonin, The peptide may thus 
serve as a soluble mediator of disease. It is an axiom ihat the 
maximum increase in 50% lethal dose that can be provided by 
antibody directed against a given soluble virulence factor 
cannot exceed the increase in 50% lethal dose observed to 
occur in nonimmunized controls challenged with a mutant 
lacking the same virulence factor. Mutational low of V antigen 
in Y. pestis results in at least a K) 6 -fold decrease in lethality 
(46). Full active immunization of mice with PAV may result in 
an equivalent increase in 50% lethal dose following challenge 
with Lcr* cells of Y. pestis. In contrast, anti-V antigen was 
clearly ineffective in providing passive immunity against infec- 
tion by highly invasive serotype 0:8 cells of V. cnterocoUiica. 
We arc presently attempting to determine the explanation for 
this interesting distinction. 
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